Abstract-This work addresses employing a direct approach to edge detection without using masks. In the process it introduces two novel ideas, the direct approach and using IIR differentiators. Traditional edge detection relies on mask edge detectors based on FIR differentiators. The masks have to be small, thus the masks are based on low order FIR differentiators. It is well known that IIR digital filters outperform the same order FIR filters. Several differentiators are employed. The results show the superiority of the new approach.
INTRODUCTION
Digital integrators and differentiators are important components in almost all engineering disciplines including control, communications, and biomedical applications as delineated in [1] [2] [3] [4] [5] [6] [7] [8] . In this work, the interest is in the application of digital differentiators in image processing, and particularly for the purpose of edge detection. Traditional edge detection relies on mask edge detectors based on FIR differentiators. In order to perform efficient edge detection, the masks have to be small. Consequently, they are based on low order FIR differentiators. It is well known that IIR digital filters outperform the same order FIR filters.
Hence, this work addresses employing a direct approach to edge detection without using masks. We propose the direct application of three IIR differentiators, without using masks, to perform edge detection. The first one designated Al-Alaoui 1, is based on the Al-Alaoui operator [9] , the second one designated as Al-Alaoui 2 is based on the differentiator obtained from inverting and stabilizing the Tick integrator [10] , and the third one designated as Al-Alaoui 3 is based on the differentiator obtained from inverting the transfer function of the Simpson integrator and stabilizing it [11] . This paper is organized as follows. Section II presents an overview of the three proposed differentiators to be used for edge detection. Section III presents the results obtained by using the proposed differentiators and presents a comparison with other differentiators. In Section IV, the quantification of the enhanced performance of the proposed differentiators is presented by resorting to edge detection over synthesized images where the exact location of the edge is known beforehand. Hence, the Mean Squared Error (MSE) between the ideal edge detection image and the images resulting from the application of the compared techniques can be easily computed. Finally, Conclusions are drawn in Section V.
II. PROPOSED DIFFERENTIATORS FOR EDGE DETECTION
A digital image is discrete in nature; therefore derivatives must be approximated by differences. Differentiators are useful in the processing of signals in many fields. We will illustrate the idea of designing digital differentiators by using integrators.
The design of the novel Al-Alaoui's differentiators follows four basic steps [9] , [10] , [11] :
• Design or use an integrator with the same range as the desired differentiator • Invert the transfer function of this integrator • Stabilize the transfer function. This can be done by reflecting the poles outside the unit circle to the inside • Compensate the magnitude There are several implementations to Al-Alaoui's differentiators: The Al-Alaoui operator (an interpolation of trapezoidal and rectangular integrators) [9] , the Tick integrator [10] , and the Simpson integrator [11] .
A. Trapezoidal and Rectangular Integrator Model
The digital integrator derived in [9] is obtained by interpolating two digital integration techniques, the rectangular and the trapezoidal rules. The differentiator is obtained by taking the inverse of the transfer function of the integrator. Let H R (z) denote the transfer function of the rectangular integrator.
Let H N (z) denote the transfer function of the new integrator. The new integrator is designed to have its transfer function as follows [9] :
Therefore, the transfer function of the new integrator after reflecting the poles outside the unit circle is:
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978-1-4244-8157-6/10/$26.00 ©2010 IEEE 154 ICECS 2010 978-1-4244-8156-9/10/$26.00 ©2010 IEEEIn (4), the pole is at z = 1 and the zero is at z = -1/7. By inverting the transfer function of this integrator, we obtain a new differentiator. Its transfer function is [9] :
In (5), the pole is at z = -1/7 and the zero is at z = 1.
B. Tick Integrator Model
The differentiator in (5) is a first order differentiator. A second order recursive differentiator is obtained by inverting the transfer function of the Tick integrator [10] . This differentiator has a magnitude that goes to zero at high frequencies. The Tick integrator has the following transfer function:
It has two real poles located at z = 1 and z = -1. In addition, it has two real zeros located at z = -0.30534 and z = -3.275.
The differentiator's transfer function is obtained by inverting the integrator's transfer function in (6) . After reflecting the pole that lies outside the unit circle, we obtain the following transfer function for the differentiator [10] :
The differentiator has real zeros at z = 1 and z = -1 and a double pole at z = -0.30534. 'A' is a gain parameter. This differentiator is of low order which makes it suitable for realtime applications.
C. Simpson Integrator Model
The Simpson integration rule is a second-order interpolator but its accuracy is comparable to third-order interpolators. It approximates the ideal integrator for low frequencies whereas it amplifies the higher frequencies [11] . The transfer function of the Simpson integrator is given by:
In (8), two poles are located at z = -1 and z = 1. In addition, two zeros are at z = -0.27 and z = -3.73.
By applying the inverse of the above transfer function, stabilizing it, and compensating its magnitude, we obtain the transfer function of the new differentiator which is [11] :
In (9) we have a double pole at z=-0.27 and two real zeros at z=-1 and z=1. This new differentiator is a stable, second-order IIR recursive differentiator suitable for applications that require fast differentiation methods. It has an almost linear phase at low frequencies. The low order and the high accuracy of the differentiator make it attractive for real time applications.
III. RESULTS In this Section, we use Al-Alaoui's differentiators as the gradient for edge detection. As a test image, we consider the grayscale image in Fig.1 . The results are shown in Fig.2 . Clearly, the Al-Alaoui differentiators successfully performed edge detection. They are compared to the central and backward difference differentiators, the Sobel and Prewitt masks, and the Canny edge detector. The implementation of edge detection using masks is described in [12] .
In Fig. 2 , the bilinear operator did not lead to any useful results. The Canny operator provided some additional edges that look somehow noisy around the eyes and hair. The other masks and differentiators seem to perform relatively good edge detection, with the output of the Sobel and Prewitt masks having more contrast and thus having a better visual appearance. However, maximal contrast can be achieved by having the edge detection outcome displayed as a binary image, where the edges are represented as binary 1s and the background is represented by binary 0s. To decide which pixel values will be set to one, a thresholding operation is performed [12] . Applying a threshold of 0.15 to the results of Fig.2 leads to the results displayed in Fig.3 . In Fig.3 , every pixel having a value between 0.15 and 1 in Fig.2 is displayed with a value of 1. The others are set to 0. Clearly the results of the Al-Alaoui differentiator present significantly more contrast in Fig.3 than in Fig.2 , and hence the edges in Fig.1 are more clearly expressed.
The results of Figs.2 and 3 do not represent a quantified measure to indicate the superiority of certain differentiators over the other differentiators. Hence, the next section is dedicated to presenting MSE measurements between the results of the investigated differentiators and ideal edge detection results predetermined beforehand.
IV. MEAN SQUARED ERROR RESULTS
In Fig.3 , we cannot exactly determine the perfect edge detection results in order to measure the MSE of the various investigated masks and direct differentiators. Hence, we resort to synthesized edges, i.e., we generate figures with known edge locations, and hence with known outcomes for the edge detection operation. The investigated cases are shown in Fig.4 . We consider horizontal, vertical, and diagonal edges. The results of implementing edge detection using the differentiators used in Figs Table I . The superiority of the Al-Alaoui differentiators is evident in horizontal and vertical edge detection. In diagonal edge detection, the results of the direct differentiation approach are comparable for the various differentiators, with a slight superiority over the Sobel and Prewitt masks. However, the Canny edge detector presents a notable superiority in diagonal edge detection, conversely to horizontal and vertical edge detection, where it is clearly outperformed by the Al-Alaoui differentiators. A direct approach to edge detection without using masks was presented. Three IIR differentiators were proposed and used for direct edge detection. The proposed differentiators were compared to edge detection using other differentiators, in addition to edge detection using masks. The proposed differentiators were successfully able to perform edge detection on real-world images. In addition, they compared favorably to the other edge detection techniques in terms of MSE, when applied on synthetic images with known edge locations.
